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THE ROLE OF OXIDATION IN THE FRETTING WEAR PROCESS 


r 


by Robert C. Bill 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


ABSTRACT 

Fretting experiments were conducted on titanium, a series of Ni-Cr-Al 
alloys and on some high temperature turbine alloys at room temperature and 
at elevated temperatures in air and In various inert environments. It was 
found that, depending on temperature and environment, the fretting behavior 
of the nviter ials examined cou'd be classified according to four general 
types of behavior. Briefly, these types of behavior were: (1) the complete 

absence of oxidation, as in inert environments, generally leading to low 
rates of fretting wear but high fretting friction; (2) gradual attrition 
of surface oxide with each fretting stroke, found in these experiments to 
operate in concert with other dominating mechanisms; (3) rapid oxidation at 
surface fatigue damage sites, resulting in undermining and rapid disintegra- 
tion of the load bearing surface; and (4) the formation of coherent, pro- 
tective oxide film, resulting in low rates of fretting wear. An analytical 
model predicting conditions favorable to the fourth type of behavior was 
outlined. Classification of the fretting behavior of the materials exam- 
ined into the four types described above was shown to be consistent with 
published oxidation behavior and kinetics. 
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NOMENCLATURE 

B (retting stroke amplitude (m) 

B,. dislocation core energy ^•bxlO"'’ 

b Burger's vector (-2.SxlO“* cm) 

Cj fretting wear rate coefficient (cm/sec’ / -) 

Cj oxidation rate coefficient (cm^/sec) 

f fretting frequency (Hi) 

G shear modulus (MN/m‘) 

K ox wear coefficient of oxide (dimensionless) 

Kp parabolic oxidation rate (cm/sec^*) 

L normal load (N) 

r m hardness of metal (MN/m-) 

R radius of curvature of contact surface (cm) 
x Instantaneous oxide film thickness (cm) 

x rate of growth of oxide film (cm/sec) 
v Poisson's ratio 

6 tilt boundary angle (deg) 

Y w tilt boundary wall energy (erg/cm*) 


INTRODUCTION AND BACKGROUND 

The Importance of oxidation to the fretting pro- 
cess has long been recognized and is implicit in the 
often used expression "fretting corrosion." There is 
considerable published data illustrating the slgnili- 
caace of oxidation, oxide debris and the formation of 
oxide films in the fretting process. ^ By way of 
classic example, let us compare room temperature fret- 
ting in air with fretting in N2. Greatly increased 
adhesion between fretting metal pa i r s was reported by 
Waterhouse W when fretting was conducted in N i rather 
than air, generally attributed to increased metal-to- 
me tal contact In Nx. Despite the Increased adhesion, 
fretting wear rates in N; were observed by Feng and 
Uhlig(*' and others(7«8) to be at least an order of 
magnitude lower than those determined from fretting 
experiments in air. 

When a metal undergoes fretting at elevated tem- 
peratures in uir, the surface oxides formed become 
quite significant to the fretting process. Such 
things as adherence of the oxide to the substrate, 
mechanical properties of the oxide, thickness, rate 
of growth, composition and structure of the oxide 
film probably determine whether the lilm will inhibit 
or accelerate fretting wear. Unfortunately, little 
specific information is available on the adherence 
and mechanical properties of oxide films. However, 
the romp, rit ion and structure of oxide films have 
received much attention. 

The particular oxides that form generally depend 
on lempeiature and hulk composition of the alloy. For 
example, in the extensively studied Nl-Cr system, 
exposure to oxidation at 700° C results in an equil- 
ibrium oxide consisting of NiCriO^ particles in a N10 
matrix for atloys ol less than 10 atomic percent Cr . 
For alloys of more than 10 atomic percent Cr, a con- 
tinuous CrjOj film forms, ***' Additions ol A1 to 
the Ni-Cr system result in complex layered oxides 
according to Ciggtnx and I’ottlt,^*" and Stott, 
et al.^‘) Even in elemental metal systems, oxide 
lilm formation is often complex. Above S70 1 ’ C, iron 


lor example, shows a lavotod ox lito scale structure 
cous t Nt InK of KoO adjacent to I ho Ft substrate, an 
Intermediate lavor of FtjOi, ami FejO-j adjacent to 
llio oxidising environment (rot. 9, p. 128) . Bo low 
BOO 4 C t tho oxl. lo that forms on Tt ta ontlrolv TfOj, 
wlillo at higher trmpci stores a layered morphology In 
observed ,H '• 

Extensive oxl.lo film gtowtli nIiuIIok have boon 
potfoimotl on a numbor of elemental motals an.1 alloy 
systems. Growth kinetics generally follow ono of 
lour raio laws: (l) logarithmic, (2) parabolic, 

(II cubic, ami (4) linear. Logarithmic oxidation 
ratoN usually apply at low temper aturos (up to 200° 
to 100° C), ami the rate governing physical mechan- 
isms are variously described as adsorption, chemi- 
sorption, and electric field Induced Ionic trans- 
port.^*' At higher temperatures, Ionic dissolution 
rales and dllluston through corapat at tvely thick oxide 
lavets lead to parabolic or cubic oxidation kinetics. 
In which the oxide 1 1 lm thickness Is proportional to 
exposure time to the 1/2 power (parabol 1c) or 1/1 
power (cubic). With further increases In tempera- 
ture. debonding of the oxide tllm, probably due to 
delect coalescence al the oxide/metal interlace, 
sometimes leads to linear oxidation rales. 

For a given metal, temperature determines which 
oxidation rate law predominates, and the associate.! 
rale constant. Correlation between Iretlirvg studies 
and oxidation rates have been shown. (»• lb) The 
conclusion drawn from these studies is that for the 
oxide tilm to effectively reduce I retting wear, a 
critical film thickness must be maintained In the 
fretting contact area. As more rapid growth kinetics 
predominate at elevated temperature*, fretting resis- 
tance general Iv increases, provided the oxide film 
remains adherent to the substrate. 

In this paper, the etlect of temperature on the 
fretting rear of Tl, a series of Ni-Cr-Al alloys, and 
a series of high temperature turbine allovs is stud- 
ied. Titanium and the Nl-Cr-Al alloy series were of 
interest because of the availability of oxidation 
data for these metals. Fretting of the high temper- 
ature turbine allovs was of practical interest in the 
space shuttle liquid hydrogen turbopump, and these 
allovs vote sublecte.l to fretting In air and in 
argon. The object of bringing these data together 
in this pa pet is to develop a better under*! and lug 
of the Interaction between the fretting process and 
oxidat ion. 


APPARATUS ANP PROCEDURE 

A schematic diagram of the fretting > Ig is shown 
In llgurr I, linear oscillatory motion is provided 
bv an elect romagnet leal ly driven vihrator with the 
frequency controlled hv a variable oscillator. The 
amplitude of the motion was controlled tc 70+) tsn In 
most esses, snd the t requeue v employed wss ususlly 
80 Hr. The normal load, applied by placing precision 
weights on a pan hung from the load arm, was 1.47 N, 
except lor s series of losd variation experiments per- 
formed on titsnlum. 

Hie fretting specimens include sn upper, sta- 
tionery 4.7b mm rsdlus hemlspherics 1 tip in contact 
with a lower tlat which is driven by the vibrator. 
Before assembly into the rig, the flat specimens were 
lapped, mechanically polished with 0.0) urn alumln> 
polishing compound, then rle.srd in pure ethanol. The 
hemispherical tips, ground to a 0.1 tan ilnlah, were 
scrubbed with 0.0S tun alumina, then rinsed. In all 
cases, except ior those involving MAR M-24b, the upper 
and lower specimen* were of the same compos 1 1 Ion . 


IXirlng high temperature experiments, the speci- 
men and grip assemblies weir surrounded hv a 110 
stainless steel susceptor which wss heated by an 
Induction coil. The temperature was monitored bv 
a thersKVouple probe mounted in i hr 1 owe i grip. 

A drv sir environment was provided bv I lowing 
air through an absorption drier, then into the lest 
chamber. In thia wav, moisture content was kept In 
the range of 10 to 100 ppm. Alternately, a selected 
Inert gas (nitrogen or argon) was used. A one hour 
purge time was employed In all cases prior to start- 
ing fretting fn the selected environment. 

Following each experiment the fretting scar on 
the flat surtacr was photographed to record the site 
and features of (he wear scar and the .lehrls accumu- 
latf on around the scar. The loose debris was then 
l inaed off with pure ethanol and a light section 
microacope, described in reference 17, was used to 
measure the wear volume on the tlat specimen. Speci- 
mens that were examined In the scanning electron 
microscope (SEN) were ul 1 1 >• ntl cal ly cleaned before 
vtrwlng to remove as ,.li debits still adhering lo 
the wear scar as possible. 


MATERIALS 

The materials studied In this investigation 
Include high purity titsnlum, a set ies of Ni-Cr-Al 
alloys, and a series of high temperature gas turbine 
allovs. 

The high purity titanium was 99. 8X putc. the 
chief Impurities being carbon (150 ppm), silicon 
(150 ppm) , and oxygen (350' ppm). In the as machined 
condition the hardness was Rockwell B-74. Alter 
exposure to b50° C for one hour fn sir, thr hardness 
was Rockwell R-b9. Further exposure to tySO" C In alt 
resulted in no further reduction in hardness. 

Four Ni-Cr-Al alloys were studied, and their 
compositions wete, bv weight percent: N1-10X Cr-2X 

Al; NI-10X Cr-5X Al; N1-21U Cr-2X Al; Nt-2i'X Cr-5X Al. 
The alloys were prepared from elemental metals of 
99.9 ♦ percent puvltv, vacuum melted In a xlrconla 
crucible and cast tn graphite molds. The as cast 
Rockwell B hardnesses ol the Nl-Cr-Al alloys wore as 
follows: N1-10X Cr-2X Al. bl Kg; N1-10X Cr-5X Al . 

«8 Rg; N1-70X Cr-2X Al, 80 Rg; NI-20X Cr-5X Al . 102 
Rg. 

The high temperature turbine alloys studied 
Included MAR M-24b, a turbine blade allov; llaynes-lgfl, 
a candidate blade vlbtation damper alloy; and A-28b, 
another blade vibration damper candidate. The nominal 
compositions (wt. X) of these allovs ate aa follow*: 
MAR N-24b. N1-10X Co-9X Cr-lOX U-S.SX A1-2.5I No-l.SX 
tl IS Ke-0.1M C-0.1X Nn; Havnes 188. to ::l Ni-.’.'X 
Cr-14X W-JX Fe-O.lX C-0.04X la; and A-28b, Fo-261 Nl- 
15X Cr-2. 15X T1-1.4X Nn-1.25X Ho-0.2X AI-0.4X S1-0.05X 
C-0.03X V. 


RESULTS 

Gener al f t teds el Oxida tion on Firtllng 

Kirttlng west tesult lot titanium, ttplcal ol 
those for a wide range ot materials in air and N. at 
room temperature, are shown in llguir Initially, 

the west rate was fairly high, reflecting a run-tn 
period extending over 10* lo 10* cycles in both air 
and Nx. Following run-tn, a period of very low late 
fretting wear i* seen. During this period, mlcto- 
spall pits first appear as shown tn the micrograph 
ot figure 3. The appearance ot micro-spall pits 


Ik t tiki'll to Indicate n transition from adhesive ami 
plastic flow dominated worn mechanisms to a more 
gradual fltlgur disruption of the fretting Hurl me. 
After 10* to 10^ fretting cycles, significant differ- 
ences In I retting wear rate and appearance ol the 
fretting surfaces begin to appear, depending on 
whether fretting was conducted tn air or N 2 . When 
fretting was conducted in air, accelerated fretting 
wear was observed, and the micro-spall pit edges 
began to exhibit a "leafy" or fringed appearance. 

This fringed appearance Is believed to indicate 
accelerated disintegration of the pit edges through 
a combination of fatigue and oxidation. In contrast, 
the pit edges after 10^ fretting cycles In Nj still 
appear quite sharp and well defined, as shown In 
figure 3. 

Further evidence of the effect of oxidation on 
fretting wear and friction of several high tempera- 
ture alloys Is shown In figure 4. Results ol exper- 
iments conducted at room temperature and elevated 
temperatures In both air and dry argon on some high 
temperature turbine alloys are presented. At room 
temperature, I ret ting wear in air was two-to-three 
times that In dry argon. Wcr scar surfaces, result- 
ing from fretting tn dry air and dry argon are shown 
in figure 3. Spall pits and accumulated debris are 
present on the surfaces fretted in air, while the 
surfaces fretted in argon show micro-regions of 
Intense plastic deformation and smearing, but little 
pitting and no debris whatever. 

At elevated temperatures, more wear was observed 
in dry argon than In dry air, as may be seen In fig- 
ure 4. Friction at elevated temperatures was also 
higher In dry argon than in dry air, although It was 
considerably lower than at room temperature. 

Fretted surfaces resulting from experiments in 
dry argon and dry air at high temperatures are shown 
in figure 6. Fitting Is apparent after fretting In 
dry argon, with large regions of direct adhesive 
transfer of material from one surface to another. 

In comparison, the surface resulting from fretting 
In air Is fairly smooth and featureless. 

Fret tint; 1,1 Ni ft A1 AIIovk 

The results ol I ret ting wear expei lments per- 
formed on a series of four Ni-Cr-Al alloys are 
summarised in figure 7. For all alloys studied, the 
wear volume at 540° C was about an order of magnitude 
less than that observed at room temperature. Also, 
wear of the 20Z Cr alloys was consistently less than 
that of the 10X Cr alloys at room tisnperature and at 
340° C. At tiW° C the 20X Cr alloys showed signif- 
icantly more wear than at 540° C, and at Bib 0 C 
build-ups of material like those shown in figure 8 
were observed on the fretted surfaces. On the other 
hand, the 10Z Cr alloys showed little Increase in 
wear as the temperature was increased from S40° to 
630 C- No build-ups of material were observed on 
the tretled surfaces of 101 Cr alloys at Bib' C. 
Instead, material removal occurred, and micro-spall 
pits like those shown In figure 4 were seen. 

X-ray dispersion analyses of sectioned 201 Cr 
specimens showed strong Cr and Al peak height grad- 
ients beneath the fretted surface, as sunmarlzcd In 
figure 10. The Cr relative peak height near the 
surface Is about 3 OX higher than that representing 
bulk concentration, while aluminum relative peak 
heights are 4 to 3 times those of the bulk. The 


apparent compoNltion prof flea for the 70Z Cr alloys 
were about the »nmc directly under the fretting wear 
scar and away from the fretted area. 

Though no sectional analyses were conducted. 

X-ray dispersion analysis studies ol fretted and 
unfretted surfaces on Nl->0 Cr-3 Al samples do show 
significant differences which are Indicated tn fig- 
ure 11. The Al peak height within the fretted area 
is 2 to 3 limes the peak height elsewhere on the 
specimen surface. Although X-ray dispersion analysis 
is not strictly a surface examination technique, the 
peak heights result from surface region concentrations 
superimposed on subsurface bulk concentrat Ions to a 
depth of 3 or 4 pm. Most likely, the only differences 
between material examined within and outside the fret- 
ting scar are In the surface region compositions. 
Therefore, the difference in Al peak height within 
and outside the fretting scar for the Ni-10 Cr-5 Al 
alloy probably Indicates a real change in Al concen- 
tration on the fretting wear scar surface. No signif- 
icant difference between the Al concentration within 
and outside the fretting scar was observed on the 
Nl-20 Cr-5 Al specimen. 

Fret t log ol Tl t an iura 

The fret ting wear volume of titanium is shown In 
figure 12 as a fund if-' of temperature. Micrographs, 
representative of the fretted surface at various tem- 
peratures arc also shown. There ate two distinct 
regions In the fretting wear volume versus tempera- 
ture curve. Initially, wear increases with tempera- 
ture up to 450° C. Somewhere between 450° and 340° C, 
the wear volume goes through a maximum. At tempera- 
tures of 540° C and above, a trend of decreasing wear 
volume with increasing temperature Is observed. 

Microscopic examination of the wear surfaces 
(tig. 12) shows distinctly different features below 
and above the temperature range In which maximum wear 
Is observed. At temperatures below 450° C, micro- 
spall pits are present, accompanied by loose oxidized 
debris. Above 540° C the fretted surface is quite 
smooth with no pitting and no debris In evidence; 
cracks are sometimes present, generally oriented 
perpendicular to the direction oi fretting motion. 
Apparently, the fretting contact stresses were 
completely supported by a continuous, thick oxide 
film above 540° C. Below 430° C the film was not 
sufficiently thick to resist disruption under 
fretting cood t r 1 ons . 

In figure 13, fretting weai volume Is .Mown as 
a function of number of fretting cycles lor four 
values of contact load at b50° C. At loads of 0.29 N 
and 0.74 N, wear volume was more or less a single 
slope linear function of number of cycles. Fretted 
surfaces were almost featureless. At 1.47 N, the 
standard load condition, a rather pronounced discon- 
tinuity in wear rate between I0 - ’ and 3x10^ cycles Is 
observed. Though no direct microscopic evidence was 
found, It Is believed that initially high contact 
stresses lead to oxide film disruption early In the 
fretting exposure; the oxide film however, was self- 
repairing under these conditions and resisted further 
disruption. The only surface distress seen after 
3x10*’ cycle was the presence of cracks In the oxide 
film, noted earlier. When the load was Increased to 
2.94 N, the wear rate remained very high up to 1x10’ 
cycles, and pitting was observed on the trotted sur- 
lace. Fvidently, under this high load condition, 
oxide film disruption continued out to 3x10^ cycles. 


DISCUSS. N 

llenera 1 Typos ol Fretting Behavior 

The preceding results miggest that for the 
materials evaluated, tret tiny, wear proceeds by 
distinctly different mechanisms depending on tem- 
perature and environment. In general, one can 
Identify four distinct types of fretting behavior 
with respect to the role played by oxidation. The 
four types are shown schematics ly in figure 14, and 
a summary ol how the materials ntudled in this Inves- 
tigation behaved within the framework of these four 
types is included in table 1. 

First, there is the behavior resulting from 
fretting between metals in an inert atmosphere or 
between noble metals, oxidation being precluded in 
both eases. Metal-tn-metal adhesive contact pre- 
dominates, but unlike the results generally seen In 
unidirectional sliding experiments, fretting wear 
rates in inert environment or between noble metals 
are much lower than those observed in situations In 
which oxidation may occur. Apparently, under fret- 
ting conditions In which oxidation cannot occur, 
either strain hardening strengthens the contact 
surfaces preventing formation ol wear particles, or 
the sliding distance is so small that many particles 
that do form read he re with no net material loss in 
evidence. Tito micrographs of figure 3 tend to sup- 
port the formet . 

The second type of fretting behavior shown in 
figure 14. originally proposed by Uhllg,(' s ' shows 
material removal as occurring through the cyclic 
removal ol an oxide film that form.*: on the contact 
surlace during the interval between ftrttlng strokes. 
This model of gradual attritive wear was proposed to 
account tor Feng and Uhllg’s observed Inverse propor- 
tionality between fretting wear rate and fretting 
frequency. Supposedly, at low frequencies, a thicker 
oxide film can lorm and be removed during each fret- 
ting stroke than at high frequencies. In view of 
observed extensive micro-pitting, as seen in figure 3 
and elsewhere, it appears unlikely to the author that 
this second tvpe of fretting behavior alone accounts 
for the fretting process. Rather, it might act In 
parallel with the third type of behavior. 

According ro the third type of fretting behav- 
ior, fretting wear takes place through a surface 
fatigue process, resulting in the formation of micro- 
spall pits within the contact area. Oxidation can 
enter Into the fretting process in two ways. On the 
load hearing portions of the contact area, the attri- 
tive process proposed by Uhlig might take place. 
Meanwhile, at the edges of the spall pits where 
heavtlv t .' 1 guevl metal Is exposed to the environment, 
oxvgen nay quickly diffuse into the metal promoting 
nub-surface oxidation and rapid laminar rrack growth 
rates undermining the load hearing contact area. 
Oxvgen diffusion would he aided by the high disloca- 
tion density concentrated in rell walls, typical of 
tatlgue damage In metals. Als. crack propagation 
Itself would be made easier bv tin presence of the 
cell walls, so suggested by the following calcula- 
tion. Considering a simple tilt boundary, the 
expression for cell wall energy 

v w * r-rr’ x ®< A * ,n O) 

4n(l - v) 

where 

4»(1 - v)B. 

1 - 


For the rase of 0-0.1 rad, and using copper as an 
example, y w turns out to be about 500 ergs/cm?, a 
number In the some order of magnitude as the crack 
surface energy. The leafy appearance and layered 
morphology around the spall pit edges certainly sug- 
gest accelerated, nunhomogeneoun deterioration of 
sub-surtace material. 

Finally, the fourth type of fretting behavior 
Includes situations In which the oxide film remains 
intact and adherent to the metal substrate under 
fretting conditions. All wear thal takes place 
occurs directly to the oxide film itself, with direct 
mrtal-to-mclal contact never taking place. During 
fretting the oxide film remains sutllciently thick to 
support the contact load. Fretting of titanium at 
temperatures above 340° C In this study, and the high 
temperature fretting ol Nl-10 Cr-5 A1 allov corres- 
pond to this tvpe of behavior. 


H ly. li Temperature Fretting of Titanium 

The experiments performed on titanium support 
the Idea that a critical oxide film thickness Is 
required to support a given load or contact stress. 
Above 540° C oxidation kinetics of titanium undergo 
a transition from rather slow logarithmic oxidation 
to inpid parabolic kinetics,' 1 *' enabling the oxide 
I l 1m thickness to effectively support the contact 
stresses. Similar arguments were put forth by 
Hu Tricks”* to account for reduced fretting of mild 
steel at elevated temperatures, as noted In the 
Introduction. Quinn(2?) proposed a critical oxide 
film thickness which, once reached under sliding 
conditions, led to loss of the oxide film snd forma- 
tion of a wear particle. In a later paper( 21 ^ Quinn 
suggested chat the critical oxide fllln thickness la 
proportional to the contact load, a position consist- 
ent with the titanium results reported herein. 

In an earlier treatment of the high temperature 
fretting results on t Itanium, (22 ) « model predicting 
lnatantaneoua film thickness under fretting condi- 
tions was developed. In essence, the model coupled 
contact geometry parameters Illustrated In fig- 
ure 15(a) with assumed parabolic oxidation kinetics 
to give the following equation describing Instantan- 
eous film thickness and growth rates: 


where 


s.'d 



( 2 ) 


Equation (?) was solved numerically, and values of x 
were obtained as a function of time for cases repre- 
senting high. Intermediate, and low notmal loads, 
determined by the value of Cj. The results are 
shown In figure 15(b). The values chosen for Cj 
were based on wear measurements made early In the 
1.4'-newton normal load series (before the transition 
to high wear). The value for the 1.47-newton case 
was doubled <o ‘.Initiate the high normal load, and 
halved to simulate the low normal load. The Initial 
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film thickness, before* fretting, was on the order of 
1 micrometer. Keep In mind that these results apply 
only so long «s the oxide film remains Intact, that 
Is, frettinK proceeds as under the fourth category. 

The significant point Is that equation (2) predicts 
that the theoretical film thickness passes through a 
minimum value early in the frettinK exposure under a 
high normal load, and no significant thinning Is 
observed for the light load situation. Once disrup- 
tion of the thinned oxide film occurs, equation ( 2 ) 
no longer describes the relation between oxide film 
growth and wear. The wear rate becomes much higher 
and the oxide film becomes very irregular and 
dlscont lnuous. 

The results may be generalized to other contact 
geometries. For conforming, or flat geometry cases, 
a uniform average rate of surface recession due to 
wear is predicted as long ns the oxide film Is not 
ruptured. Film thinning will continue to the point 
at which, according to parabolic growth kinetics, 
the oxide film growth rate can keep pace with wear. 

A steady-state film thickness is predicted. Film 
penetration mav occur, leading to a transition to 
high wear, if the steady-state film thickness is 
Insufficient to support the contact load. 

High Temperature Fretting of Nl-Cr-Al Alloys 

The Ni-Cr-Al alloys exhibited a mixed behavior 
with respect to fretting mechanisms, as indicated in 
table I. Differences In fretting behavior at 81b 0 C 
in these alloys may be attributed to dllferences in 
the oxide layers present on the alloys prior to the 
onset of fretting and during fretting. 

Besides the X-ray energy dispersion analyses 
reported herein, oxidation studies by Glgglns and 
Pettit, (ID and Stott, et al.'**' h-ve classified 
alloy compositions according to surface oxides 
formed at 1000° C. The results of the oxidation 
studies show interesting correlations with the 
present results at 81b° C. Both of the oxidation 
studies cited above predicted protective AliOj films 
on alloys of approximately N1-10X Cr-5X A1 composi- 
tion, a good situation from the standpoint of oxida- 
tion resistance. N1-10X Cr-5X A1 was the most 
fretting resistant alloy of the Nl-Cr-Al alloy series. 
The Ni-Cr-Al alloy that underwent the most severe 
fretting at Hit* 1 ' C. namelv NI-10X Cr-2X A1 , rough I v 
corresponded to compositions predicted by Stott, 
et al, to form a duplex C^Oj (outer) - AI 2 O 3 (inner) 
oxide with some Internal oxidation. Pettit and 
Giggins show this composition as borderline between 
being a protective AljOj former and a complex, 
layered oxide former with internal oxidation at 
1000° C. The Nl-201 Cr-2X Al alloy, which exhibited 
rather large build-ups of oxidized material in the 
fretted area, corresponds to compositions predicted 
in both oxidation studies cited to form a duplex 
CrjOj-AliO^ oxide at 1000° C, Perhaps, this duplex 
oxide is not self repairing at Bib" C, thereby, lead- 
ing to localized rapid substrate oxidation at loca- 
tions where the film is disrupted by fretting action. 
NI-20X Cr-5X Al alloy reportedly forms a uniform 
AljOj film at 1000° C, but according to reference II, 
the composition is quite close to the boundary between 
duplex film formers and uniform Aljt'l formers. Again, 
as with the N1-20X Cr-2X Al alloy, the oxide film is 
perhaps vulnerable to disruption under fretting condi- 
tions, and a protective Al^Oj film is not readily 
formed at damage sites. Ulus, the potential of an 
alloy to form a protective (from the standpoint of 
oxidation) AI 2 O 3 film in situ also upprars to provide 
the alloy with high temperature fretting resistance. 


This is consistent with oxidative wear since the 
AI 2 O 3 film tends to grow more slowly thsn the various 
duplex oxide films, thereby requiring longer exposure 
times to reach a critical thickness. 


CONCLUDING REMARKS 

The principal points supported by the data in 
this paper and developed in the Discussion include 
the following: 

1. Four types of fretttng behavior, classified 

according to the role played by oxidation, were iden- 
tified. They Include: (a) completely nonprotectlve 

or nonlnteractlve, as for the case of fretting lr sn 
inert environment or between noble metals, (b) sequen- 
tial stripping sway of a thin surface oxide film with 
each fretting cycle, (c) interaction between oxidation 
and surface fatigue, promoting rapid, nonhomogcncous 
oxidation at fatigue damage sites, and (d) inhibition 
of fretting through the development of a protective 
continuous surface oxide film. 

2. At low temperature (room temperature) the 
role of oxidation in the fretting wear process is 
primarily a • interactive rather than a controlling 
role. The interaction appears to be with surface 
fatigue mechanisms, and is generally strong. 

3. With Increased temperature, the kinetics of 
oxidation and the structure, composition, and proper- 
ties of the oxide film play an increasingly Important 
and ultimately controlling role in the fretting 
process . 

4. For a given metal or alloy) for which oxida- 
tion behavior is generally well known, 0 predictive 
fretting model may be developed provided the wear 
characteristics of the oxides are understood. 
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TABLE I. - FRETTING MECHANISM SUMMARY 


MATERIAL 

CONDITIONS 

BEHAVIOR TYPE 

Ti 


III ♦ II 


AIR, "S4CPC 

IV 



I ♦ III (FATIGUE ONLY) 

Ni-10 Cr-5 Al 

AIR, v 65CP C 

III + II 


AIR, 'bb&C 

IV + III 

Ni-10 Cr-2 Al 

AIR, v65CP C 

III 


AIR. ' 65CP C 

III ♦ QUINN OX. WEAR 

Ni-20 Cr-5 Al 

AIR, v65CP C 

III 


AiR, n 6 S0P C 

III ♦ QUINN OX. WEAR 

Ni-20 Cr-2 Al 

AIR, v650P C 

III 


AIR. n 65(T ) C 

III + QUINN OX. WEAR 

TURBINE ALLOY 

AIR, 23° C 

III 

VS. 

ARGON, 23° C 

I 

DAMPER COMB. 

AIR, 816° C 

IV ♦ III 


ARGON, 816° C 

I ♦ III (FATIGUE ONLY) 


TYPE I: ADHESION ♦ PLASTIC FLOW 

TYPE I) : OXIDE FILM REMOVAL WITH EACH FRETTING CYCLE 

TYPE 111: FATIGUE ♦ OXIDATION 
TYPE IV: OXIDE FILM REMAINS INTACT 

QUINN OXIDATIVE WEAR: OXIDE FILM SPALLS AFTER 
REACHING CRITICAL THICKNESS 
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Figure L - Fretting apparatus, 
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|<jl lO^CYCUS. ARIA INDR ATI D IN BOX 
Figure J. Coniluded. 




(friction); amplitude, 







(b> PRY ARGON. 

f iqure 5. ■ Frpttinq wear scars on Mar M ?4e» jftor 3x10^ 
cycles at room temperature in the indicated environ 
ment. Fretting trequency. 80 H/. amplitude, 40um ; 
normal load, 1. 4/ N. 


i 





(a) DRY ARGON. 


ORIGINAL PAGE IS 
OF POOR QUALITY 


<b> DRY AIR. 

igure 6. - Fretting wear scars on Mar M-246 after 3x10 s 
cycles against Haynes 188 at 816° C in the indicated 
environment. Fretting frequency, 80 Hz; amplitude. 
40um ; normal load, 1. 47 N. 







la) OVERVIEW, 


PAUL It 
quality 


(bl AREA INDICATED IN BOX, 


Figure 8. - Fretting wear scar on Ni-20Cr-2AI after 
3x10^ cycles at 816° C in air. Fretting frequency. 
80 Hz; amplitude, ?Opm ; normal load. 1.47. 
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I!)l ARIA INDICAllO IN BOX 


Figure 9. • Putting wear star on Ni lOCr-?AI after ixlCH 
cycles at 816° C in air. Fretting frequency, 80H? ; 
amplitude, /Oum ; normal load, 1. 47 N. 


la) OVERVIEW. 






BLAM POSITION, pm BELOW SURFACE 
(b) ALUMINUM. 

Figure 10 - Chromium and aluminum x-ray dispersion peak 
heights, noi malizod with resped to apparent bulk composition, 
as a function of electron beam position depth below surface. 













Figure 12. - Fretting wear volume plotted against temperature tor high- 
purity titanium after 3xl(r fretting cycles under 1.47-newton normal 
load. Frequency, 80 hertz; dry air environment. Amplitude, 70 ym. 


FRETTING MOTION 


CONTACTING ASPLRITItS 
RESULTING N MtlAL TO 
VITAL AOHLSIVl JUNCTION 


TYPE L ABSENCE 01 OXIDE FILM 


OXIDLIILM MAXIMUM 
THICKNESS ACHIEVED 
DURING EACH HALF 
CYCLE PERIOD 


CONTACTING ASPERITIES 
LLAD TO CYCLID DIS- 
RUPTION Of OXIDE f IM 



TYPE II: OXIDE EILM GROWTH AND DISRUPTION 
DURING EACH FRETTING HALT CYCLE 


SPALL PIT 

OXIDATIVE ATTACK 
OF PIT WALL 


CONTACTING ASPERITIES 
CAUSE f ATIGll Of CON- 
TACT SURFACE AND SPALLING 



TY PE 111: OXIDATION LEADS TO ACCELERATED 
DISRUPT RTN OF FATIGUED SURIACE 


^ 2 - 


TTPE IV: OXIDE FILM REMAINS INTACT, 
SUPPORTING CONTACT LOAD 


Figure 14 Four Types ot interactions between (retting and oxidation. 
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(a) FRETTING WEAR SCAR SECTION GEOMETRY. 
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(h! PREDICTED OXIDE FILM THICKNESS LINDER FRETTING CONDITIONS 
AS FUNCTION OF TIMt. 


Figure 15. Contact geometry and oxide film thickness lor intact, 
parabolic film growth under spFiere-on-llat (retting geometry 
conditions. 


